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SUMMARY 
This repor t ,  NASA CR-168195, under Contract DEN3-6 summarizes the resul t s  
o f  hydrogen permeabi l i ty measurements on several i ron-  and cobalt-base a l l oys  
as we l l  as on two long-range ordered a l l oys  over the range of 705' t o  870°C 
(1300" t o  1600°F). The t e s t  a l l o y s  included wrought a l l oys  N-155, IN 800, 
A-286, 19-90L, and 19-9DL modi f icat ions w i th  a1 uminun, niobium, and m i  sch 
metal. I n  addi t icn,  XF-818, CRM-6D, SA-F11, and HS-31 were evaluated. Two 
wrought long-ranee ordered a1 loys,  Ni3Al and (Fe,Ni I 3 ( V  ,A1 ) were a1 so eval u- 
ated. A l l  tes ts  were conducted a t  20.7 MPa pressure i n  e i t h e r  pure and/or 1% 
C02-doped Hz fo r  t e s t  periods as long as 133 h. Deta i led analyses were con- 
ducted t o  determine the r e l a t i v e  permeabi l i ty rankings o f  these a1 l oys  and the 
e f fec t  of doping, e x i t  surface oxidat ion, specimen design var ia t ions ,  and t e s t  
durat ion on pwmeab i l i t y  coe f f i c i en t ,  and permeation a c t i v a t i o n  energies were 
determined. The two 1 ong-range ordered a1 1 oys had the 1 owest permeabi 1 i t y  
coe f f i c i en ts  i n  pure Hz when compared w i th  the e i g h t  comnercial a l l o y s  and 
t h e i r  modif icat ions. With C02 doping, s i g n i f i c a n t  decrease i n  permeabil i t y  
was observed i n  the comnercial al loys--no doped tes ts  were conducted w i th  the 
1 ong-range ordered a1 1 oys. 
IHTRODUCT ION 
An automotive S t i  r l  i ng Engine development program under the j o i n t  e f f o r t s  
o f  the Department o f  Energy and NASA-Lewi s Research Center w i l l  employ high- 
pressure hydrogen as the working f l u i d .  Advantages o f  the S t i  rl i ng engine 
inc lude the po tent ia l  f o r  h igh fue l  e f f i c iency ,  mu1 t i p 1  e fue l  capab i l i t y ,  low 
po l lu t ion ,  and low noise. To achieve these operating charact i  s t i cs ,  the S t i r -  
1 i ng engine w i  11 operate near 820°C under 15 MPa hydrogen pressure. 
Containment o f  the working f l u i d  !Hz) during the high temperature- 
pressure operat ion i s  essent ial  t o  the acceptance o f  the S t i r l i n g  engine as an 
a l t e rna t i ve  t o  the i n te rna l  combustion engine. Most commercial a l l o y s  are ex- 
tremely permeable t o  pure hydrogen a t  h igh temperatures. I n  an In te r im  Report 
t o  NASA-Lewi s, NASA CR-165209 the permeabi 1 i t y  o f  uncoated and coated super- 
a l l o y s  was evaluated which showed t h a t  i n  pure Hz the permeab i l i t ies  o f  the 
commercial a l l oys  f o r  heater head and heater head tubing appl icat ions were too 
h igh f o r  e f f e c t i v e  containment. Between r e f i l l  ing, the charged hydrogen must 
be contained e f f e c t i v e l y  f o r  175 h o f  operation a t  820°C and 21 MPa pressure. 
Doping o f  hydrogen w i th  C02, a1 ong w i t h  e x i t  side oxidat ion, was evaluated t o  
decrease permeabi 1 i t y  . 
This report ,  NASA CR-168195, under Contract DEN3-6, extends and completes 
the work reported e a r l i e r  i n  NASA CR-165209 ( In te r im  Report). I n  t h i s  repo r t  
doped H2 as wel l  as pure H2 was used w i th  selected wrmght  and cast  a l loys ,  
some o f  modified chemistries, i n  p a r t i c u l a r  w i th  several modi f icat ions o f  19- 
9DL base cmposi t ion .  I n  addit ion, two 1 ong-range ordered (LRO) a1 1 oys , N i  3A1 
and (Fe,Ni )3(V ,A1 1, were tested i n  pure hydrogen. Permeabil i t y  t e s t i n g  was 
conducted i n  a t e s t  f a c i l i t y  spec ia l l y  designed and b u i l t  by I ITRI  t o  operate 
a t  up t o  20.7 MPa pressure and 1200°C temperature. r a b l ~  1 sumnarizes the 
major features o f  the various tasks and includes Task I f o r  comparison, 
d e t a i l s  o f  which are given i n  I n te r im  Report NASA CR-165209. 
MATERIALS AND EXPERIMENTAL PROCEDURE 
Test Material s and Code 
The t e s t  mater ia ls  represented both cas t  and wrought a l l oys  f o r  heater 
head and tubing appl i ca t ion ,  respect ively.  Except for the 1 ong-range ordered 
a l loys ,  a l l  the other base a1 loys  are commercially avai lab le.  Seven i ron-  
n icke l  base a1 l oys  and two cobal t-base a1 loys, and several a1 loys  w i th  modi- 
f i e d  chemistr ies (suppl ied by NASA) were ~ s e d  i n  the study. The only  n icke l -  
base a l l o y  used i s  the LRO a l l o y  Ni3A1; the other LRO a l l o y  i s  (Fe,Ni)3(V,Al). 
Both the LROs were spec ia l l y  prepared by Oak Ridge National Laboratory (ORNL) , 
Oak Ridge, TN. The a l l o y s  and t h e i r  codes are given i n  Table 2. 
The chemical compositions o f  the  e i g h t  comnercial a l l oys  are given i n  
Table 3, and those of the modi f i e d  19-9DL a l l oys  are shown i n  Table 4. Table 
5 shows the chemical composition o f  standard HS-31 used i n  Task I Y .  along w i th  
XF-818, CRM-6D, and SA-F11, whose standard analyses are given i n  Table 3. 
A1 1 the wrought comnercial a1 1 oys had a p r imar i l y  s i  ngl e-phase austeni t i c  
s t ructure w i th  varying amounts o f  carbides, depending on the carbon 1 eve1 . 
The cas t  a l l oys  were used i n  the as-cast condi t ion where the s t ruc ture  was 
s i  ngle-phass austeni t e  w i th  s ign i  f i c a n t  amounts o f  dendri t i c  second phase. I n  
XF-818 and SA-F11, the dendr i t i c  second phase contained l a rge  amaunts o f  car- 
bides and borides. I n  CRM-6D the s t ruc ture  showed mainly carbide i n  the den- 
d r i t es .  Because o f  the h igh Mn leve l ,  there was s i g n i f i c a n t  poros i ty  i n  t h i s  
a l l o y  structure. Typical microstructures o f  the e i g h t  comnercial wrought and 
cas t  a1 l oys  were shown i n  Reference 1. 
The s i x  modif ied 19-9DL a1 1 oy st ructures were evaluated op t i ca l  l y  , and 
SEM/EDX analyses o f  selected samples were made. These microstructures are 
shown i n  Figs. 1 t o  4. The unmodified as-received 19-9DL showed an equiaxed 
s t ruc ture  (Fig. l a )  w i t h  some 1 arge primary carbides and uniformly d i s t r i b u t e d  
p a r t i c l e s  o f  a f i n e r  phase i n  the matr ix.  The l a rge r  carbides appeared blocky 
and wel l  out1 ined a t  high magnifications (M23C6 and M6C) and were thought t o  
be remnants o f  primary carbides which d i d  no t  d issolve during the heat t rea t -  
ment. 
I n  the 19-9DL a l l o y  modi f icat ions coded CA and CB, t h t  9% Ni content o f  
19-9DL was increased by 2 1/2%, and 0.52 and 1% A1 were added t o  CA and CB 
modif icat ions, respect ively.  A1 l c y  code CA (Fig. l b )  showed 1 arger e l  ongated 
gra ins w i th  many e l  ongated i rregu l  ar-shaped gra in  boundary ( gb) carbides which 
were surrounded by c lus te rs  o f  f i n e r  carbides. Same 3b' s displayed only a 
t h i n  continuous l a y e r  o f  carbides; a very f i n e  phase was a1 so present i n  the 
matrix. The modi f i ca t ion  code CB (Fig. l c )  showed a much f i n e r  g ra in  struc- 
t u r e  than CA. Blocky , ou t l  ined carbides appeared t o  have a bigger average 
s ize  and higher volune percent. A t  a higher m a g n i f i c ~ t i c i l  i n  SEM, the con- 
t r a s t  between modi f i ca t ion  codes CA and CB may be noted i n  Figs. I d  and e, 
respect ively.  EDX analyses o f  the carbides showed t h a t  the b r i gh te r  p a r t i c l e s  
were r i c h  i n  Nb and T i ,  and the l i g h t  gray carbide showed mainly Fe and C r  
w i th  small amounts o f  Ni , Nb, and Mo. 
Modification codes CD and CE o f  19-9DL consisted o f  the addi t ions o f  2.5% 
N i  and 2% Nb i n  code CD a l l o y  and addi t ions o f  5% Ni and 5% Nb i n  code CE 
a l l oy .  Figure 2a shows a 125X op t i ca l  photomicrograph o f  mod i f i ca t ion  CD. 
Grains were l ess  elongated than the code CA a1 l o y  , and the s ize i s  intermedi- 
a te  between modi f icat ions CA and CB. Grai n-boundary carbides were we1 1 - 
def ined and o f  i r r e g u l a r  shape. Blocky carbides along gb's and i n  t h e i r  
v i c i n i t y  comprised a s i g n i f i c a n t  volume f rac t ion .  Figures 2b and c show SEM 
de ta i l s ;  an EDX analysis ind icated t h a t  the b r i gh te r  carbide p a r t i c l e s  con- 
ta ined high Nb and some T i ,  and gb carbides were r i c h  i n  Fe and C r .  
A l loy mod i f i ca t ion  CE (5% Ni, 5% Nb) exhib i ted a more equiaxed gra in 
s t ruc ture  than CD (Fig. 3a). A1 1 the carbide: appeared as c lus te rs  o f  small 
ou t l ined p a r t i c l e s  located mostly a t  gb o r  gb junct ions. The matr ix  contained 
a very f ine ,  uniformly d i s t r i b u t e d  phase t h a t  was v i s i b l e  only a t  higher mag- 
n i f i ca t i ons .  Clusters o f  carbides observed i n  mod i f i ca t ion  CE h=d two types 
o f  carbide ?a r t i c l es :  (a)  sc r ip ted  and o u t l  ined pa r t i c l es ,  and { h j  c l e a r l y  
ou t l ined p a r t i c l e s  which were separated from one another. Figure5 3b and c 
showed typ ica l  areas w i t h  h igh ly  contrasted carbides on a uniform background. 
EDX analysis showed tha t  the scr ip ted  phase contained Fe and Cr wi th  small 
amounts o f  Nb and Ni . Blocky, rectangular-shaped p a r t i c l e s  were very r i c h  i n  
Nb (Fig. 3d) w i th  small amounts o f  Ti ,  C r ,  Fe, and N i .  
Mod i f i ca t ion  codes CF and CG contained the add i t ion  o f  2.5% N i  i n  botn 
the a l l oys  along w i th  0.1% and 0.3% misch metal, respect ively.  A comparison 
o f  Figs. 4a and c ind ica tes  t h a t  both the a l l o y  modif icat ions had s im i l a r  
elongated gra in  s t ructure w i th  m o d i f i ~ a t i o n  CG showing a 1 i t t l e  f iner  g ra in  
s t ructure.  Both the modi f icat ions contained re1 a t i v e l y  f i ne r ,  rounded car- 
bides a t  the gb's as wel l  as i n  the mat r ix  phase (Figs. 4b and d ) .  EDX o f  the 
I arger carbides from modi f i ca t ion  CG showed mainly Nb w i th  some T i  , and 1 i ttl e 
Fe and N i  . The carbides from modi f i ca t ion  CF were f iner ,  and EDX analysi s 
i nvar iabiy  contained s i g n i f i c a n t  con t r i bu t i on  o f  the matr ix  phase. 
Four comnerci a1 a1 1 oys, namely, XF-818, CRM-6D, SA-F11 , and HS-31, eval u- 
ated and reported e a r l i e r  i n  NASA CR-165209, were supplied by NASA. These 
a l l oys  were evaluated i n  Task I X ,  and the microstructures were analyzed o p t i -  
c a l l y  as wel l  as w i th  SEM/EDX. Figures 5a and b show the dendri t i c  s t ruc ture  
and i n te rdendr i t i c  carbides a t  two magnifications. I n  Fig. 5b, the so l id -  
looking carbide ( A )  d i f f e r s  from the lamel la r  carbide (B)  which was r i c h e r  i n  
Mo whi le  the sol id- looking carbide had a higher C r .  Figures 5c and d show the 
Mo and C r  X-ray maps o f  the  respect ive carbides. 
Figure 6a shows the dendrites o f  XF-818 t o  be somewhat smaller than those 
o f  CRM-6D shown i n  Fig. 5a. The in terdendr i  t i c  carbides were 1 amel 1 ar as we1 1 
as scr i2 ted  (Fig. 6b) w i th  a s i g n i f i c a n t  Mo concentrat ion (F ig,  6c).  
The SA-F11 microstructure revealed dendri tes ( F i  g. 7a) t h a t  were somewhat 
small e r  than those o f  XF-818 and more d i  sconnected. Consequently, i nterden- 
d r i  t i c  spaces displayed h igh connect iv i ty  and a f ine  1 a%ell  a r  carbide product 
(Fig. 7b). The carbide-bearing areas were found t o  be r i c h e r  i n  W and C r  as 
compared t o  the matrix. 
Figure 7c s h ~ w s  a 1 ow-magnification microstructure o f  HS-31, a cobalt-  
base a l loy .  With a higher content o f  high mel t ing elements (W, Ta, C r ,  etc.)  
and higher carbon content, the matr ix  consists o f  coba l t - r i ch  s o l i d  so lu t ion  
fcc s t ructure w i th  both matr ix  and gb carbides. I n  Fig. 7d, the microstruc- 
t u r e  consisted o f  a l a rge  M7C3 p a r t i c l e  and gb MZ3C6 i n  a fcc matr ix.  EDX 
examination showed t h a t  both types o f  carbides were r i c h  i n  C r  and/or W. 
The Ni3A1 s t ruc ture  o f  uniform s ing le  phase, having polygonized la rge  
grains w i th  twinning, i s  shown o p t i c a l l y  i n  Fig. 8a and i n  backscattered SEM 
i n  Fig. 8b. Pol ish ing and etching have createa r e l i e f  i n  the g ra in  pa t te rn  
c l e a r l y  seen i n  both f igures. 
The (Fe,Ni I3(V,AI) s t ruc ture  i s  much more complex as shown i n  Figs. 8c 
and d f o r  op t ica l  and SEM (backscattered) photomicrographs, respect ively.  The 
g ra in  s ize i s  much f i n e r  w i t h  a very l a rge  quant i ty  of second-phase p a r t i c l e s  
d i s t r i bu ted  on a twinned matr ix  phase i n  the form o f  segregated bcnds. 
Figures 9a and b show the d i s t r i b u t i o n  and nature o f  the second phase i n  
(Fe,Ni )3(V,A1 1. An op t i ca l  photomicrograph i s  shown i n  Fig. 9c for comparison 
w i t h  the SEM photos i n  Figs. 9a and b. The p a r t i c l e s  are regular-shaped and 
faceted, s im i l a r  t o  y '  p a r t i c l e s  o f  the n ickel  superal ioy systenr. Several 
elongated p a r t i c l e s  are seen (arrow on Fig. 9a). The EDX spectrd of  the fac- 
eted and elongated pa r t i c l es ,  very s im i l a r  i n  chemical composi t ion ,  are shown 
i n  f i g .  9d. A semiquanti tct ive analysis o f  thc mat r ix  shows the fo l lowing 
composition (%) :  Ni 45.8, Fe 30.1, V 22..0, T i  0.41, and A1 0.60. A s im i l a r  
analysis o f  the elongated p a r t i c l e s  ind ica ted  the f o l  l ok ing  % :  Ni 46.3, Fe 
29.4, V 22.2, T i  0.53, A1 1.2. The s i m i l a r i t y  i n  composition i s  t o  be noted, 
and a s i g n i f i c a n t  con t r i bu t i on  from the background matr ix  phase might have 
contr ibuted t o  it. 
Experimental Procedure 
Specimen Design 
Figure 10 shows the d i f f e r e n t  specimen designs used i n  t h i s  study. Most 
o f  the tes ts  were conducted w i th  a 4-hole design as shown i n  Fig. 10(e). I n  
NASA permeabi l i ty tubular  specimens w i th  0.81 mm wal l  thickness were 
used. I n  order t o  simulate s im i l a r  mater ia l  thickness and a t  the same time 
avoid membrane deformation o r  rupture, the mu1 t i - c a v i t y  design o f  Fig. 10(e) 
was used i n  Tasks V I I ,  V I I I ,  and JX,  as ind ica ted  i n  Table 1. E f f e c t  o f  spec- 
imen design on permeabi l i ty mb.asurement i s  discussed i n  more d e t a i l  i n  
Appendix A. 
Test Equipent and Prxedure 
Permeabi l i ty measurements were made i n  a spec ia l l y  designed t e s t  fac I1 i t y  
f o r  operation a t  20.7 YPa and temperatures up t o  1200°C. A schematic diagram 
o f  the t e s t  system i s  shown i n  Fig. 11. The system consis ts  o f  a balanced 
pressure design i n  which the hydrogen pressure i n  thc i n te rna l  u n i t  i s  bal -  
anced by n i t rogen pressure i n  the annul us between the permeabi! i t y  u n i t  and 
fhe outer pressure vessel . The equipment i n te rna l  arrangement deta i  1 s are 
shown i n  Fig. 12. 
The specimen and the top specimen holder are assembled under a force of 
17.8 kN a t  room temperature outside the permeadi l i ty t e s t  f a c i l i t y .  This 
assembly i s  maintained under pressure w i th  a clamping device during incorpora- 
t i o n  i n t o  the t e s t  un i t .  Subsequently, the clamping pressure i s  maintained by 
the adjustable spring loading assemb'y a t  the top of the t e s t  vessel. The 
c o l l e c t i n g  chamber i s  then attached, and the e x i t  s ide seal arrangement i s  
checked t o  see i f  there i s  a good co ld  seal. ihi s i s  detenni ned i f  the vacwm 
reaches 17 Pa o r  less. I f  the i n i t i a l  seal appears t o  be adequate, the assem- 
b l y  i s  heated t o  the highest temperature i n  the t e s t i n g  sequence, usual ly  
870°C, and he ld  a t  t h a t  temperature under vacuum overnight p r i o r  t o  pemeabi l -  
i t y  measurements . 
A t  the beginning o f  a permeabi l i ty t e s t  a t  the desired t e s t  temperature, 
the output side seal leak r a t e  i s  checked a t  atmospheric pressure by i s o l a t i n g  
the co l l ec t i ng  chamber from the vacuum punp. A good seal w i l l  show 1 ess than 
0.3 Pa/ain increase i n  pressure. I f  the leak r a t e  i s  acceptable, the jacket  
i s  pressurized ni t h  n i t rogen (very slowly t o  preserve the del i c a t e  specimen 
seals; t o  20.7 MPa wi th a vacum maintained on both the entrance and e x i t  
surfaces. A t  f u l l  pressure, the temperature i s  a1 lowed t o  s t a b i l  ize. The 
c o l l e c t i n g  chaher  i s  isolated, and the n i t rogen leak r a t e  t e s t  Segins. The 
resu l t s  are recorded on a s t r i p  char t  for  approximately 1 h. This t e s t  pro- 
vides the baseline leak r a t e  correct ion f o r  permeabi l i ty measurements. A t  the 
end o f  the leak ra te  tes t ,  the c o l l e c t i n g  chamber i s  evacuated t o  the i n i t i a l  
value a t  the beginning o f  the leak r a t e  t e s t  (usua l ly  l ess  than 1.5 Pa). High 
p u r i t y  hydrogen i n  the case o f  a pure hydrogen tes t ,  o r  doped hydrogen (usual- 
l y  1% C02) i n  the case o f  a doped hydrogen test ,  i s  istroduced t o  the i n l e t  
s ide o f  the specimen t o  begin the permeabii i t y  tests.  The c o l l e c t i n g  chamb:r 
i s  i so la ted  again, and Hz peneat ion  i s  monitored by the thermistor cjauge f o r  
the durat ion ~f the t e s t  (usual ly 5 h).  
I f  the pen on the s t r i p  char t  goes o f f  scale, the c o l l e c t i n g  chamber i s  
evacuated and t7en i so la ted  again t o  give addi t ional  "ser ies" o f  tes ts  i n  the 
t e s t  day. By the end o f  the f i r s t  series, the pemeabi l  i t y  i s  usual ly  a t  a 
steady state . 
For mu1 t i p l e  temperature tests, both sides of the t e s t  sample were evacu- 
ated fo l lowing the permeabi l i ty test .  The temperature was then reset  t o  the 
temperature selected f o r  the subsequent day's tes t .  The specimen was again 
held overnight a t  the selected t e s t  temperature p r i o r  t o  the next test .  In 
most cases, mu1 ti p l  e temperature tes ts  were conducted w i  thout cool i ng  t o  room 
temperature. Temperature range was 705'-P70°C. It was common prac t ice  t o  
conduct the t e s t  a t  each tem?crature i n  a decreasing temperature sequence 
because the specimen i n i  t i 6 1  l y  sea? s be t te r  a t  the higher temperatures. 
P r i o r  t o  permeabi 1 i ty tests, the c o l l  ect ing chamber thermi s t o r  gauge was 
ca l ib ra ted f o r  both hydrogen and n i t rogen by i n j e c t i n g  known volumes o f  the 
respect ive gases i n t o  the  chamber. This procedure was repeated several times 
w i th  d i f f e ren t  volumes i n  order to obta in two c a l i b r a t i o n  curves as shown i n  
Fig. 13. These c a l i b r a t i o n  curves convert m i l l i vo !  t output o f  the thermistor 
gauge d i r e c t l y  i n t o  volumes o f  hydrogen and n i t rogen a t  the chamber tempera- 
t u r e  (kept a t  a constant above-room temperature w i t h  a tape heater), which are 
then converted t o  H2 and N2 volumes a t  standard pressure and temperature. 
Since the hydrogen penneation thermistor gauge t race consists o f  m i l l i -  
v o l t  output due t o  both the n i t rogen "leak" and to the hydrogen permeating 
through the sample, the ni trogen t race was subtracted from the hydrogen per- 
meation trace, as shown i n  Fig. 14. This d i f ference (A) provided a t h i r d  p l o t  
of m i l l i v o l t  output versils time due t o  hydrogen permeation alone, converted t o  
a p l o t  o f  m7 o f  hydrogen (STP) versus time using the c a l i b r a t i o n  curves shown 
i n  Fig. 13. A t yp i ca l  f i n a l  p l o t  o f  hydrogen permeation versus t ime f o r  a 
typ ica l  t e s t  i s  shown i n  Fig. 15. 
An excel lent  seal between the top specimec holder and the specimen groove 
wss obtained by applying successively f i n e r  1 appi ng compounds between the m i  s- 
matched angle groove inter face (holder 70°, specimen 60'1, and by r o t a t i n g  the 
top specimen holder around the compound f i l l e d  groove o f  the f i x e d  specimen. 
The b o t t m  seal i s  created by using a graphoil gasket between the f l a t  Sottolr, 
o f  the specimen and the raised seal surface on the bottom specimen holder. 
The bottom seal surface consists o f  a ser ies o f  concentric grcwes on a f i a t  
plateau 10 mn i n  diameter ( the  same as the diameter o f  the groove seal).  
c l r y  Data o f  Test Parrcters 
A total  of 55 t e s t s  were conducted i n  Tasks VII, VIII, IX, and X ,  as out- 
lined i n  Table 1. These tes t s  are analyzed in the next section and compared 
w f t h  daG from 21 tes t s  conducted under Task I and reported earlier. '  Com- 
plete tes t  parameters of the 55 tes t s  are given i n  Tables 6, 7 ,  8, and 9 for 
Tasks VII, VIII, IX, and X ,  respectively. 
Calc,llatiolls of  Perreabil ity, M ffusivity, and Sollrbil i t y  
Assuming diffusion of hydrogen atoms through an isotropic structure a t  
thezo high temperat.ures to  be the principal rate-controlling process, hydrogen 
flow can be expressed thus: 
where Z 1  jt = hydrogen flux normal to the s u r f s c ~  ot the specimerc, cirr s' 
@ = penneabil i ty coefficient, c d  cm-l s-I I4~a- l~ '  
A = specimen area, CN? 
A X  = specirnen thickness, cm 
p i ,  po = i n p u t  and output Hz pressure, respectively, KPa 
Under steady-s+ate condi ti on, 
where Co and Ci are the sol Ute ( H I  concentrations a t  the out;: o ~ c ;  i n p u t  
surfaces,  respective;^. 
Wi th  diffusion as the rate-controlling s tes  and assuning ideal behavior 
as a monoatomic gas: 
where C = hydrogen (solute) concentration 
K = so lub i l i t y  constant 
p = external hydrogen pressure 
Combining Eqs. 2 atid 3, 
From Eqs. 4 and 1, we chtain 
I f  the output pressure o f  hydrogen, po, :s very much less than the input  
pressure, pi, such tha t  po i s  neg l ig ib le  when pi i s  25.7 APa, as i s  the 
case i n  study, then 
The 'lag time," eL--the i t i tercept which the steady-state port ion o f  the 
curve makes wi th  the time axis, as shown i n  F i  g. 15-i  s re1 ated to the d i f f u -  
sion term (Dl f o r  t h i s  system according t o  the equation: 
Thus, f o r  each t es t  two independent measurements were made to obtain 
separately, jt and eL; and from Eqs. 6 and 7, independent values o f  +. and D 
were determined. Then using Eq. 5, K, the solubi l  i t y  constant, was derived 
which thus incorporated and possibly enhanced the ex i  s t ing uncertaint ies i n  
the independent measurements o f  + and D. 
The d i f fus ion and s o l u b i l i t y  t e n s ,  D and K, respectively, may be assumed 
t o  obey an Arrhenius-type re1 ationship wi th temperature: 
D = Do exp (-QD/RT) 
K = KO exp (-QK/RT) 
where Do and KO are the respec ti ve pre-exponenti a1 d i  f f usi  oil and sol ubi 1 i t y  - 
related terns, and QD and QK are the respective act ivat ion energies. 
Using Eq. 5, one then obtains: 
Q = Qo exp (-Q+/RT) 
when oo = DoKo 
and c)( = q, + CK 
A l l  the experimental data on penneabi l i ty are grouped separately f o r  each 
task. The permeabilit;. data from a l l  these tasks are compared and analyzed i n  
the  f o l  1 owing manner: 
Effect o f  A l loy  Composition on Penneabil i t y  i n  Pure H p  
Modi fid 19-9Di A1 lays (Task V I I  I )  
W-818, CW4-60, SA-F11, and HS-31 Al lgys (Task 1x1 
Two Long-Range Ordered Alloys, Ni 3Al and 
:Fe,Ni l3(V,A1 ) (Task X)  
E f fec t  o f  Oxides on P e m a b i l  i t y  
Effect o f  Doped Hz on Permeabi l i ty 
Comparison o f  Doped vs. Pure He on 19-9DL, N-155, 
I N  800 iind A-286 (Tasks V I  I vs. I )  
Comparison o f  Doped H on 19-9DL (Std.) vs. Modi- 
f i e d  19-901. (Trsks v ~ T  us. V I I I )  
Comparison o f  Doped vs. Pure H2 on XF-818, CRM-60, 
SA-F11, and HS-31 (Task 1x1. 
Ef fec t  o f  E x i t  Oxide 
E f f e c t  o f  A1 loy Composition on Pemeabil i ty i n  Pure Hi! 
kd i f ied  19-90L Alloys (Task VIII) 
Table 10 slmmarizes the permeabi l i ty r e s u l t s  for  the s i x  19-9DL modif ied 
a l loys  a t  four  d i f f e r e n t  t e s t  temperatures. A t  each temperature, the a1 loys  
may be ranked as shown i n  Table 11. It i s  t o  be noted, however, t h a t  the 4 
values do not  necessari ly vary widely between the l e a s t  an4 highest permeable 
a l l oys  a t  each temperature as shown below: 
Least Permeabil i ty H i  ghest Permeabil i t y  
T q - ,  cp ( i n  E-06 
O C A1 l o y  (Code) A1 1 oy (Code) un i t s )  
- -- - 
705 2.5Ni, ~2.5A1 (CA) 14.2 2.5Ni , 1 .OA1 (CB) 35.0 
760 2.5Ni, 2.ONb (CD) 3 i  .2 5.ONi , 5.ONb (CE) 79.2 
815 2.5Ni. 0 . d  (CG) 65.4 5.ONi, 5.0Nb (CE) 172 
870 2.5Ni, 0.5A1 (CA) 138 2.5Ni , 2.ONb (CD) 211 
= rn3 CR-l S-l Mpa'l/P. 
bm = m i  sch metal. 
I n  Fig. 16, the C)I values f o r  each a l l o y  are p l o t t e d  as the reciprocal of 
absol uti? temperature. The ve r t i ca l  bars posit ioned a t  respect ive temperatures 
( t h e  ones f o r  the doped H2 are included for  l a t e r  analysis) ind ica te  the range 
o f  measured 4 values f o r  the d i f ferent  a1 loys. The lengths o f  the bars i n d i -  
cate t h a t  the lowest and highest permeabi l i ty values are w i t h i n  one order o f  
magnitude. The average 9 values f o r  a l l  the s i x  a l l o y  modi f icat ions shown i n  
Fig. 16 are p l o t t e d  i n  Fig. 17 against 1/T, and a regression l i n e  was f i t t e d  
t o  obta in the fo l lowing resu l ts :  
P e m a b i l  i t y  S t a t i s t i c a l  Analysis Parameter 
Ac t iva t ion  Corre lat ion 
y-i nteKept S l  ope Energy (Q) , Coef f ic ien t  
I ten ( l n 4 0 )  (QIE) kJ/mol e ( R ~ )  
A l l  6 a l l o y  modif icat ions 3.59 -13.9 116 1 .OO 
o f  19-90L i r i  pure H2 
I n  the e a r l i e r  study (Task I, NASA CR-165209), the ac t i va t i on  energy o f  
standard a l l o y  19-9DL i n  pure Hz was noted as 80 kJ /mle .  There are, however, 
several di f ferences between the t e s t  parameters o f  Task, I and V I I I ,  i n  addi- 
t i o n  t o  a l l o y  chemistry modif icat ions, and these are as follows: 
Specimen Design 
n i c k n e s s ,  Area, Act ivat ion.  Energy 
Item mn mn2 E x i t s u r f a c e  (01, kJ/mole 
Task V I I I  0.82 17.6 Oxidized 116 
Task I 5.50 78.5 No tox id i zed  80 
The higher a c t i v a t i c n  energy f o r  permeation observed i n  Task V I i I  i s  thus 
a combined e f f e c t  o f  a l l g y  modi f icat ions and surface oxidat ion e f fec t ,  as wel l  
as specimen area and thickness factors. 
I n  permeabi l i ty tests,  a t e s t  ser ies was usual ly  s tar ted  a t  the highest 
temperature and consisted o f  so-cal 1 ed "sequences ." Thus, the four tenpera- 
tu res  of 870°, 815", 760°, and 705°C tested on four  d i f f e r e n t  days were 
c a l l  ed: 
870°C - Sequence 1 
815°C - Sequence 2 
760°C - Sequence 3 
705°C - Sequence 4 
Seq~ence 1 a t  870°C s tar ted  without any preoxidat ion o f  the e x i t  surface. I n  
pure H p  tests, no oxidat ion occurred on the entrance side throughout the  
tes ts ,  bu t  i n  doped Hz, the  870°C and the subsequent lower temperature tes ts  
developed oxides o f  increasing thickness on the entry side. For various 
reasons, a sequence step may have been imnediately rerun f o r  a separate read- 
ing, which was given the same sequence number w i th  a s u f f i x  "b" added t o  it, 
the f i r s t  one being indicated w i th  s u f f i x  "a." 
Figure 17 analyzes the average permeabi l i ty c o e f f i c i e n t  o f  the s i x  modi- 
f i e d  19-9DL al loys,  whereas the data f o r  19-9CL a l l o y  modi f icat ion CE w i t h  5% 
Ni and 5% Nb are p lo t ted  i n  Fig. 18. The f i t t e d  regression l i n e  had a slope 
o f  -13.2 (Q = 110 Wlmole) w i t h  R' = 0.94, i n d i c a t i n g  a good co r re la t i on  o f  
the data w i th  temperature. 
XF-818, 0, SA-F11, and HS-31 A1 l oys  (Task 1x1 
Permeabil i ty data i n  pure Hp obtained a t  four temperatures, 870° t o  
70Ei°C, are sunmarired i n  Table 12. Permeabi l i ty values increased wi th  
temperature w i th  XF-818 showing the highest val ues a t  705" and 870°C; the 
rankings a t  the highest and lowest temperatures are as fol lows: 
870°C 705°C 
Rank A l l oy  4, E-06 un i tsa  ~ l l o y  4 ,  E-06 u n i t s  
 east SA-F11 93.5 HS-31 9.50 
I CRM-60 107 CRM-6D 10.1 HS-31 112 SA-F11 13.0 
Highest XF-818 173 XF-818 39 .O 
Permeation ac t i va t i on  energy fo r  each a1 l o y  was obtained by p l o t t i n g  I n  4 
vs. l /T,  as shown i n  Fig. 19. Linear regression l i n e s  were f i t t e d  through the 
data t o  ob ta in  the terms $o and Q, the  a c t i v a t i o n  energy as wel l  as the mu l t i -  
2 p l e  co r re la t i on  coe f f i c i en t ,  R given below: 
P e m a b i l  i t v  S t a t i s t i c a l  Analvsi s Parameters 
Ac t i va t i on  Corre lat ion 
Y-intercept 51 ,pe Energy (Q) , Coe f f i c i en t  
A ~ ~ O Y  ( l n 4 0 )  (Q/R) k ~ / m o l  e ( R ~  ) 
XF-818 10.4 -10.3 86 0.99 
C RM- 6D 7.68 -19.0 158 0.82 
SA-F11 2.76 -13.8 115 0.99 
HS-31 5.13 -16.2 135 0.98 
Except f o r  C R M d D ,  the R' values ranged from 0.95 t o  1.00 i n d i c a t i n g  a good 
f i t  o f  the data. 
E a r l i e r  i n  Task I, the three i ron-n ickel  base cast  a l loys ,  XF-818, CRM- 
6il, and SA-F11, and the cobal t-base a1 loy,  low carbon Ste l  1 i t e  68 (LC), a1 1 i n  
standard commercial compositions, were evaluated i n  pure Hz i n  the 650'-815°C 
temperature range. These resu l t s  were summarized i n  NASA CR-165209. 
I n  Fig. 19, the permeation data f o r  Task I a l l o y s  were p l o t t e d  t o  compare 
w i t h  those o f  Task I X  a l loys.  The slopes ind ica ted  t h a t  the ac t i va t i on  ener- 
g ies o f  the Task I a l loys  were a l l  lower; i n  other  words, the Task I X  a l l oys  
had an improved performance, as shown below: 
Ac t i va t i on  Energy (Q+) 
i n  Pure H9, kJ/mole 
A1 1 OYS Task IX Task I 
XF-818 86 52 
CRM-6D 158 6 9 
SA-Fl1 115 49 
HS-31 135 34 
The observed s i g n i f i c a n t  improvements i n  lowered permeabi 1 i t y  a t  the 
h igher  temperatures (above 760°C) and higher a c t i v a t i o n  energies may be due t o  
a cornbination o f  the fo l lowing:  
1. Di f ferences i n  the a1 1 oy chemi stry/ treatment i n  
XF-818, CRM-6D, and SA-F11. 
2. S i g n i f i c a n t  compositional d i f ferences between 
standard S t e l l  i t e  68 (LC) and HS-31; e.g., W: 
3.84 (6B) and 7.5 (HS-31); Ni: 2.08 (68) and 10.5 
(HS-31); C r :  29.2 (6B) and 25.5 (HS-31). 
3. Task I a l l o y s  were tested wi thout  any ' e x i t  surface 
ox ida t ion  whereas Task I X  a l l o y  specimen e x i t  
surfaces were oxidized. 
Two Long-Range Ordered A1 loys (Task X)  
The two long-range ordered a1 l oys  (LROs) selected f o r  evaluat ion were 
suppi i e d  by Oak Ridge National Laboratory (ORNL) , wi th  the f o l l  owing chemistry 
and sample numbers: 
A1 1 oy Type Sampl e No. Code 
-
Test No. 
Ni 3A1 IC-50-B I C  112 
(Fe,Ni )3(V,Al) LRO-55-F LR 113 
The t e s t  samples were suppl i e d  i n  the form o f  f l a t  disks, 2.78 and 2.36 
mn t h i c k  for  Ni3A1 and (Fe,Ni I3(V,Al 1 ,  respect ively,  conforming t o  specimen 
design shown i n  Fig. ' " ' - 1 .  According t o  D r .  C. T. LSu o f  ORNL, the order- 
disorder temperature (Tc) o f  Ni3A1 exceeds 1350 *C and t h a t  f o r  (Fe,Ni I3(V,Al ) 
i s  above 900°C. Below these temperatures, these ordeced wrought a1 l oys  are 
strong and tend t o  increase i n  strength w i th  temperature. While strength data 
f o r  the two tested a l l o y s  were no t  avai lable, t yp i ca l  strength va:ues o f  three 
other LROs shown i n  Fig, 205 i nd i ca te  progressive increase i n  y i e l d  strength 
with temperature up t o  the c r i t i c a l  orqering temperature (Tc) whi le those o f  
Hastelloy X and 316 SS cont inua l ly  decreased. 
Both the a l loys  were tested i n  pure H2 w i th  e x i t  surfaces not oxidized 
between sequences. The permeabi l i ty data are sunmarized i n  Table 13. The 
penneabil i  t y  v a l u ~ s  i n  both the a l l oys  are extremely low, and a t  a t m ~ e r a t u r e  
as h igh as 815.C the permeation values were l ess  than 1.0 E-06 cm3 cm-l s - ~  
h l ~ a - ~ l ~ ,  the r e l i a b l e  detect ion l i m i t  o f  the apparatus o f  the present design. 
These 4 values are p l o t t e d  i n  Fig. 21 as I n  4 vs. l I T ,  where T i s  the t e s t  
temperature i n  the absolute scale. 
I n  F ig -  21, tw 1 ines were f i t t e d  by 1 inear cor re la t ion ,  one f o r  Ni3A1 
and the other f o r  (Fe,Ni I3(V,Al 1 and the fo l lowing parameters were obtained: 
Permeabil i t v  S t a t i s t i c a l  Analvsi s Parameters 
Ac t i va t i on  Corre lat ion 
Y-lntercept Slope Energy (9)  , Coef f ic ien t  
A1 1 oy ( I n  ( 0 )  (QIR) kJ Imol e ( R~ 
-
The s i g n i f i c a n t l y  low permeabi l i ty c o e f f i c i e n t s  o f  the  two LRO a l l oys  i n  
pure t!2--compared a t  a t yp i ca l  temperature o f  815°C w i th  the standard and mod- 
i i i e d  a l l oys  tested i n  Tasks I, V I I I ,  and IX--are given below: 
Permeabi 1 i t y  
Coe f f i c ien t  ( 4 )  Act iva t ion  
i n  Pure H a t  81g°C, Energy (Q)  , 
Task 
-
A1 1 oys i n  E-0% u n i t s  kJ Imol e 
I N-155, I N  800, 19-9DL, 
A-286, CRM-6D, XF-818, 
SA-F11, 68 (LC) 
V I I I  Six modif ied 19-90i a l l oys  100 (avg) 116 (avg) 
4.5; 178 ( f o r  
3.2 both a l loys)  
The two LRO a l l o y s  exh ib i ted  a t  l e a s t  an order of magnitude lower permea- 
b i l i t y  i n  pure H2 when cmpared w i th  Task I comnercial a1 l oys  tested under 
s i m i l a r  specimen design ( s o l i d  disks) w i th  no e x i t  surface oxidat ion. I n  both 
Tasks V I I I  and I X ,  s im i l a r  mu l t i cav i t y  specimen design was used wi th  e x i t  sur- 
face ox ida t ion  and these r e s u l t s  are thus no t  d i r e c t l y  comparablc w i th  Task x 
data . 
Because the Task X permeabi l i ty  values were mostly beyond the re1 i a b l e  ' 
detect ion l i m i t  o f  the present equipment design, a 1 arge scat te r  i n  the dzta 
i s  r e f l e c t e d  i n  the  low R~ values o f  about 0.80. With equipment modi f icat ion 
t o  improve detect ion o f  lower penneabil i t y  c o e f f i c i e n t s  and addi t ional  tests ,  
the  LRO penneabil i t i e s  coul d be more accurately determined. 
Effect of Oxides on P e m e a b i l i t y  
Effect o f  Doped H, Perreabil i t y  
m r i s o n  ~f Doped vs. Pure 4 i n  Four A l l oys  (Task V I I  vs. I). The 
four  comnercial a l l oys  evaluated were N-155, 19-9DL, IN 800, and A-286. A 
t o t a l  of 20 t e s t s  were conducted i n  H2 doped w i t h  1% C02. The same four  
a l l oys  were evaluated i n  pure H2 i n  Task I. The s i m i l a r i t i e s  and d i f ferencas 
between Tasks V I I  and I t e s t  condi t ions are summarized i n  Table 1. A1 1 the 
Task V I I  permeabi l i ty data are summarized i n  Tables 14 and 15. 
Figure 22 p l o t s  the pure H2 (Task I) and doped H2 (:ask V I I )  permeabi l i ty 
coef f ic ients of four  a l loys.  S ign i f i can t  d i f ferences i n  a1 l o y  response t o  
doping are evident. The re1 ated a c t i v a t i o n  energies are summarized below: 
Permeation 
Ac t iva t ion  Energy, 
A1 1 oy Environment kJ/mol e 
N-155 Doped H2 
Pure H2 
19-9DL Doped H2 199 
Pure H2 80 
I N  800 Doped H2 
Pure H2 
A-286 Ddped H2 139 
Pure H2 60 
I n  19-9DL and A-286 a1 1 oys, doping increased permeation ac t i va t i on  energy 
more than twofold, bu t  d i d  no t  a f f e c t  peermeation ac t i va t i on  energ). i n  N-155 
and I N  800 s i g n i f i c a ~ t l y .  The high ac t i va t i on  energies f o r  19-9DL and A-286 
are re f l ec ted  i n  the higher permeabi l i ty values a t  760°C and higher tempera- 
tu res  and i n  the much lower values a t  temperatures lower than 760°C. Because 
Task I tes ts  were conducted t o  650°C and not above d15"C, permeabil i t y  coe f f i -  
c i e n t s  a t  two intermediate temperatures, 705" and 815"C, were calculated from 
Fig. 22 and these are sumnarized i n  Table 16. 
Table 16 data show t h a t  a t  815OC i n  these shor t  durat ion tes ts  ( t o t a l  
time 20 t o  25 h)  H2 permeation appears t o  be unaffected by the development o f  
oxide on the  entrance surface due t o  doping w i t h  permeation c o e f f i c i e n t  
remaining l a rge r  than i n  pure H2. Later,  longer term tes ts  showed t h a t  w i th  
an e f f e c t i v e  bu i ldup o f  oxide, 4 decreased s i g n i f i c a n t l y  (see Appendix A). 
Colrpari son of mdi f ied  19-9DL vs. Standard 19-9DL A1 l o y s  i n  Doped 
wdrogen (Task VIII vs. ViI) .  I n  Task Y I I I ,  s i x  modi f icat ions o f  19-9DL 
a l l o y s  were evaluated a t  four  d i f f e r e n t  temperatures i n  1% C02-doped Hz, 
tested i n  dupl icate. A l l  the permeabi l i ty data are summarized i n  Table 17. 
Using the average o f  the dupl icate + values, the s i x  d i f f e r e n t  a l l o y  modifica- 
t ions  are ranked i n  Table 18. 
Table 18 data show t h a t  an a l l o y  which i s  o f  lower permeabil it: a t  one 
temperattire does no t  necessari ly r e t a i n  the re1 a t i  ve 1 ower permeabil i ty prop- 
e r t y  a t  the higher temperature. For example, the l e a s t  and highest permeabil- 
i t i e s  were as fol lows: 
Temp, "C Least H i  ghest - 
705 2.5Ni, 1.OA1 2.5Ni, 0 . 3 ~ ~ ~  
760 5.ONi, 5.ONb 2.5Ni, O.1MM 
815 5.ONi, 5.ONb 2.5Ni, O.lM 
870 2.5Ni, 0.5A1 5.ONi, 5.ONb 
a~~ = m i  sch metal . 
It i s  t o  be aoted, however, t h a t  a t  870°C, e x i t  surface oxides were no t  
created by oxidat ion. A t  a l l  other temperatures, a del iberate high tempera- 
t u r e  ox ida t ion  i n  a i r  b a i l  t up an oxide l aye r  which would have af fected per- 
meabil i ty d i f f e r e n t l y  dc2ending on the re1 a t i v e  ox ida t ion  proper t ies and the 
amount o f  a1 1 oy i  ng elements present i n  the composition. 
Table 18 data a1 so show t h a t  the* 2.5rJi add i t ion  w i th  1.OA1 performed 
b e t t e r  th,..i most other a l l oys  a t  a l l  four temperatures. A s im i la r  good 
performance was noted f o r  the 2.5Ni, 2.ONb modif icat ion. 
While the rankins shows the  d i f f e r e n t  permeation tendeiicies between the 
a l l a y  modifications, i n  absolute t e n s ,  the 4 values d i d  not d i f f e r  s i g n i f i -  
cant ly ,  as i ndi cated be1 ow: 
Least Penneabil i t y  Hi ghest Pemeabi 1 i t y  
'T.. 4 ( I n  t-06. + ( i n  t-ur 
Al loy  (Code) uni  tsa)  A1 l o y  (Code) un i t s )  
b~ = m i  sch metal. 
The average 4 values i n  doped H2 (from Table 18) are p l o t t e d  vs. 1/T and 
shown i n  Fig. 16. The s i x  a l l o y  ranges of 4 values and the average 4 values 
are indicated on Fig. 16. The permeabi l i ty coe f f i c i en t  d i f fe rence between the 
l e a s t  and highest values i s  l ess  than one order o f  magnitude w i th  the 1 argest 
di f ference, a fac to r  o f  6 (doped, 705'C) decreasing w i th  temperature t o  about 
a fac tor  o f  2 (doped, 870 "C) . 
I n  order t o  determine the e f f e c t  o f  doped environment i n  producing 
dynamic ox idat ion (and maintain1 ng an oxide 1 ayer) and thereby decreasi ng per- 
meation by a f fec t i ng  He ac t i va t i on  energy, the average + value? o f  a i l  s i x  
m d i  f i c a t l o n s  were analyzed versus 1/T through s t a t i  s t i c a l  corre'y ; ticn.  The 
s t a t i s t i c a l l y  f i t t e d  I i nes f o r  the  doped values have the  f o l  1 owi ng parameters. 
Permeabil i t y  S t a t i s t i c a l  Analys is  Pa rme te rs  
A c t i v a t i o n  Co r re l a t i on  
y-intercept ' S1 ope Energy (Q) , C o e f f i c i e n t  
1 tern ( I n  4,) (Q/R 1 kJ/mol e ( R ~ )  
. --- 
A l l  s i x  19-POL a l l o y s  7.74 -19.1 159 0.96 
(iniod.1 i n  doped He 
!.I 1 s i x  19-9DL a1 1 oys 3.59 - 13.9 116 i.GC 
(mod.) i n  pure Hz 
The lower a c t i v a t i o n  energy i n  pure Hz ic one i n d i c a t i o n  o f  the b a r r i e r  
p u t  up by t he  dynamic ox ida t i on  process created by doping. However, i n  these 
sho r t  dura t ion  tes ts ,  the  reduct ion i n  $ due t o  ' inside ox id?  was small; the 
e f f e c t  o f  the cg te r  ox ide w i t h  time, therefore, was i nves t i ga ted  and i s  d is -  
cussed i n  Appendix A. 
A comparative ana lys is  o f  Tasks V I I I ,  V I I ,  and I permeab i l i t y  data i n  
pure and doped Hz i nd i ca tes  the fo l low ing :  
Task V I I I  vs,  V I I  (average o f  a11 6 modi f ica-  
t i ons ) .  I n  doped H2, there  appears t o  be i?O 
d i f f e rence  i n  permeation ac t i va t i o r !  er~ergy between 
the  standard 19-93L (161 kJ/mole) and the average 
o f  a l l  6 a l l o y  mod i f i ca t i ons  (159 k:;mole) 
Task V I I  vs. Task I (19-9DL, std.). I n  the stsn- 
dard a1 1 oy, doping appears t o  double the ac t i va -  
t i o n  energy f o r  permestion (80 t~ 161 kJ/mole) 
c Task V I I I ,  Doped vs. Pure H (6  a l l o y  average). a This  comparison shows t h a t  oping increases Q f o r  
Hz permeation by 40% and decreases penneabil i t y  
p ropor t iona te ly .  
Cmsrison o f  Doped vs. Pure on XF-818, CRM-6D, SA-F11, and HS-31 
(Task I X )  . The t e s t  data o f  tne  c a s t  a l l oys ,  XF-818, CRM-60, SA-F11, and 
- 
HS-31 i n  pure and doped H2 a re  summarized i n  Table 19. The t e s t  data i n  pure 
Hz havd been nnalyzed e a r l i e r  and c-ompared w i t h  pure H2 permeabil i ty df these 
four  cast  a1 1 oys conducted under Task I. 
I n  the  doped ti2 t es t s ,  the  e f f e c t  o f  C02 dopant i n  b u i l d i n g  up surface 
ox ide on the en t ry  s ide has f u r t h e r  evaluated by running an ad+. i t ional  
sequence 5 t e s t  a t  870°C, i n  essence repeat ing sequence 1 t e s t  a f t e r  15 h of 
t e s t i n g  a t  the  t h ree  lower temperatures. These aata are i nd i ca ted  a t  the 
lower  row o f  Table 19. 
Table 19 data show that, i n  a1 1 cases, peneabi l  i t y  was 1 arger i n  pure Hz 
than i n  doped-Hz; the signi ficance depend4 ng on a1 l oy  cmposi ti on and tempera- 
ture. The largest  differences re re  noted i n  CM-6D as noted below: 
few. a Rat o of 
Sequence 'C $purJ)doped 
The data indicate a s ign i f i c  . ~ t  increase i n  the r a t i o  a t  the lower tem- 
peratures i n  C M D .  I n  other words, 14 C02 was more ef fect ive i n  reducing 
permeation i n  CRH-60 a t  764. and 705'C. A s l r i l a r  behavior was noted ea r l i e r  
i n  a l loys A-286 and 19-90L (see Fig. 22). The behavior o f  the three other 
al loys was s m a t  dif ferent as seen belas: 
1-0, 
Sequence O C  - - 
-  
1 873 1.3 1.1 1.1 
2 815 2.2 0.9 2.4 
3 760 2.4 1.3 1.5 
4 705 3.0 1.1 2.3 
These data show tha t  a trend exists i n  the effectiveness o f  daping ac- 
tion, which increases a t  the lower temperatures. HS-31 showed the l eas t  
effectiveness o f  doping a t  a l l  four temperatures, while E-818 showed a trend 
s imi lar  t o  that  shown fo r  CW-6D. 
A canparison o f  870°C doped H2 data for sequences 1 and 5 i ~ d i c a t e s  the 
tie effect; sequence 1 was completed i n  5 h, and sequence 5 between 20 and 
25 h. However, i n  sequence 1, the e x i t  surface had no oxide present. A com- 
parison o f  Table 19 data indicates t ha t  $ decreases wi th time i n  the fol lowing 
manner. 
Ratio o f  
A1 1 oy ~ ( 2 5  h)/+(5 h)a  
XF-818 0.85 
HS-31 0.78 
SA-F11 0.28 
CRM-60 0.19 
S imi la r  t ime e f fec ts  uere observed i n  extended tes ts  conducted w i th  I N  800 and 
19-90L, and these data are analyzed i n  Appendix A. 
The complex r e l a t i v e  b e h a v i ~ r  of doping and time e f fec ts  i n  reducing per- 
meabil i t y  o f  these a1 l oys  as well as i n  19-90L and A-286, analyzed e a r l i e r  , 
must be i a  some way re la ted  t o  the chemistry as wel l  as t o  the nature o f  oxide 
scale w i th  preferent ia l  element concentration and pro tec t ive  i c a l  e formation 
a t  d i f f e r e n t  temperatures. Generally , chromium and manganese enrichment has 
been noted. Complex spinels  form, and t h e i r  s t a b i l i t y  i n  hydrogen a t  high 
temperature dictate; permeabi l i ty.  I n  a s ig f i i f i can t  study, Schuon and 
Miseni i  I? have suggested t h a t  i n  C0,-doped H2,  reduct ion i n  H2 p e m l a b i l  i t y  
- 
was more strongly a f fec ted  by the minor elements o f  the a1 loy chemistry--A1 , 
Ti, Nb, of* La. I n  the a l l o y s  invest igated, A1 and T i  were present i n  19-9GL 
(std.  as we1 I as mod. 1, IN 800, and A-286 whi 1 e Nb+Ta were present i n  XF-818, 
and CRM-6D, as wel l  as i n  19-9DL (mod.) a1 1 oys. Extended tes ts  k l  t h  19-9DL 
(mod.) a l l oys  had indicated a time e f f e c t  3s  shown i n  Appendix A. 
The 4 values from Table 19 were p l o t t e d  as a funct ion o f  temperature as 
shown i n  Fig. 23. Linear regression l i n e s  were drawn through the data and the 
re la ted  s t a t i s t i c a l  data are summarized i n  Table 23. 
The order o f  ac t i va t i on  energies i n  doped and pure H2 i s  as fol lows: 
Rank 
-
Doped H2 Pure H2 Renarks 
1 CRM-6D CRM-6D Highest Q 
2 HS-31 HS-31 
3 SA-F11 SA-FS 1 
4 XF-818 XF-8i8 Lowest Q 
It may be seen tha t  under doping, the r e l a t i v e  ranking d i d  not  change. 
2 2 
Ef fec t  o f  Exit  mide 
That an e x i t  surface oxide can Cause a signi f icant decrease i n  permeation 
was shown by Schwn and M i ~ e n c i k . ~  I n  NASA r i g  tests, the tube outside i s  
heated i n  a i r  and develops a continually increasing thickness of oxide. To 
simulate thi s effect, several tests were conducted with I N  800 where, for a 
period, the e x i t  surface was l e f t  i n  vacuur/H2 and l a t e r  exposed t o  a i r  a t  
high tesperatures. The resul t s  of  these tests are s t m a r i  zed i n Tab1 e 21 and 
s b  i n  Figs, 24, 25, and 26. 
During the f i r s t  25 to 30 h exposure, there was no cx i  t surface oxidation 
and pemeabil i t y  decreased very s l  w l y  as shown i n  Figs. 24 to 26. However, 
a f te r  25 h, the s a q l e  e x i t  surface was exposed to a i r  a t  the high tempera- 
tu-s between test sequences and a rapid drop i n  permeability took place i n  
the fa1 l d n g  period both wi th doped Hz (entrance side oxides present) and 
with pure Hz. 
On each tes t  sequence, several series o f  measurements were made and these 
are shoun i n  the f o m  o f  a bar depicting the overall range values i n  Figs. 24 
t o  26. lhe sequence nmbers are indicated, and estimated curves are drawn t o  
indicate the rate o f  decrease. It i s  quite apparent tha t  once e x i t  surface 
oxidation had started, the ra te  o f  decrease accelerated. 
The e f fec t  o f  e x i t  oxide on pemeabil i t y  i n  cast a1 loys can k detemined 
by cumparing the activation energies o f  pure H2 tests o f  Task I X  wi th those o f  
Task I. The Q values are as follows: 
Q, kJ/role 
A1 1 OYS Task I X  Task 
The mch higher Q f o r  values Task I X  tests indicate the oxide developent 
on the e x i t  side; the Task I tests were conducted without the e x i t  sides ex- 
posed to ai r .  However, the specimen designs were d i f ferent  fo r  Tasks I X  and 
I, uhercas those for  I N  800 alloys tested i n  Task V I I  were identical. These 
I N  800 tes ts  c lear ly  indicated t na t  e x i t  surface oxide buildup can contr ibute 
s ign i f i can t l y  t o  reduction of penreabi l i ty  and behaves i n  a manner s imi lar  t o  
entry side oxide buildup caused by H2 doping. 
Hydrogen penneabi 1 i t y  was measured on several i r@n- and cobal t-base 
a l loys  as we1 1 as on two long-range ordered a1 loys over the temperature range 
70S0 to 870°C. Both pure and 1% C02-doped hydrogen *ere used. The resu l ts  o f  
t h i s  study are s u ~ ~ l ~ r i z e d  b low: 
S ign i f icant  reduction i n  hydrogen peni~eabil t y  
occurred wi th 1% C02 doping o f  hydrogen. 
Hydrogen penneabil i t i e s  i n  1% C02-doped t ip a t  
815;C :;t-~pught a l loys uere 38 to 68 E-06 cn3 
CR- s and &the cast a l loys  9 t o  60 
€4 CJ cw-1 5-1 NPa- . 
To d ease pe-abil i t y  t o  1.0 E-G6 a? an' s'l 
nPa'f(li, i t  was necessiry to expose 19-9bi a1 loys 
t o  time periods o f  70-80 h i n  doped H . Combined ? wi th e x i t  surface oxidation, permeabi i t y  i n  doped 
H could be reduced t o  1.0 € 4 6  level  i n  about 
56 h. 
19-90L composition modifications d i d  not  contr ib- 
ute to a s ign i f i can t  reducticin i n  permeabil ity 
when compared wi th standard 19-9DL a l l oy  i n  pure 
H2. However, doping was more e f fec t i ve  i n  reduc- i ng  pevmeabil i t y  i n  the modified 19-9DL al loys 
when canpared wi th pure H2 p e m a b i  I i t y  . 
Hydrogen penneabil i t y  o f  pure Hz i n  the long-range 
ordered al loys (LROs) Ni3A1 and (Fe,Ni)3(V,A1) 
were much lower than those i n  a l l  the comercia1 
and m d i  f i  ed wrouaht nd c s t  11 oys nd val ues 
c f  1.4 t o  4.3 E-06 # cm-f s-! M P ~ - I / ~  were 
possible i n  pure H2 a t  815OC; doped H2 tests were 
not  conducted. The pure hydrogen penneati on 
act ivat ion energies of the LROs were about 180 
kJ/mole as compared to 40-80 kJ/mole f o r  the 
c m e r c i  a1 a1 1 oys . 
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EFFECT OF TEST COYDITIONS 
Specimen Design Ef fect  
The d i f fe ren t  specimen designs used i n  t h i s  program are shown i n  Fig. 10. 
The i n i t i a l  specimen design, Fig. 10(a), used i n  Tasks I t o  IIi was modified 
t o  the newer design, Fig. 10(b), w i th  the sample i n  both designs having the 
s e  10 n dianeter penseation ares. The specimen thicknesses o f  5.1 t o  6.4 
r were chosen t o  reduce stresses due t o  20.7 MPa Hz pressure a t  870°C. 
13 Task V I I  , the possi b i l  i t y  o f  specimen thickness a f fec t ing pormeabi 1 i t y  
i n  doped tip was considered i n  analyzing I ITRI and NASA data. NASA tests were 
perforned using tubes wi th a 0.81 ~ R I  wal l  thickness. The thinnest monolithic 
specimen possible i n  I ITRI tes ts  under standard design i s  2.5 nm, as shown i n  
Fig. 10( c)  . A pressure o f  20.7 MPa over the 78.5 m? area cuul d cause a 1 arge 
stress o f  60 MPa t o  develcp i n  the specimen, and a t  the higher temperatures, 
the specimen m y  deform. Membra~e thickness equal t o  NASA tube wall thickness 
was obtained using mil t i cav i  t y  spccinens. Single cav i ty  , 4-cavi t y  , and 7- 
cav i t y  modifications e r e  t r ied,  as shown i n  Figs. lO(d1 and ( e l .  Typical 
photographs o f  au l t i cav i t y  specimens are shown i n  Fig. 27. 
A 7-cavi t y  specimen worked we1 1 , but  the over1 appi ng high stresses caused 
observable deformation as shown i n  Fig. 28a. The out1 ine  o f  the depressed 
region containing the sevzn cav i t ies  appears l i g h t e r  i n  the photograph. SEM 
photomicrographs c f  the base o f  the holes on the e x i t  side ( tens i le  side) show 
cracks as may be seen i n  Fig. 28b. Because o f  these problems wi th the 7- 
cav i ty  specimen design, a l l  remaining tes ts  under Tasks V I I ,  V I I I ,  and I X  were 
made wi th  the 4-cavi t y  design; Task X tes ts  were made wi th Fig. 10(b) design-- 
a th in,  mono? i t h i c  specimen. 
A membrane area o f  s ign i f i can t  amount i s  needed t o  obtain su f f i c i en t  
hydrogen permeation, and typical  resul t s  cmpar i  ng s i  ngl e-cavi t y  , 4-, and 7- 
cav i ty  specimen are given i n  Table 22. The data show tha t  a single-cavity 
specimen had such a low membrane area (4.4 m&) tha t  to ta l  hydrogen co l lec t ion 
was inadequ~te f o r  permeabil ity calculat ion. Both 4- and 7-cavity designs 
wi th areas o f  17.6 cnd 31.2 mn? were su f f i c i en t  f o r  adequate measurment. 
However, f o r  reasons o f  h igh  stresses, the 7-cavi ty  design was n o t  used, as 
mentioned ear l  i e r  . 
Effect of  Time and Test Sequence on Pemeabil i ty 
I n  a l l  the standard tests,  the specimen permeabil i t y  measurements 1 asted 
f o r  a durat ion o f  about 5 h a t  each temperature. I n  doped-Hz, such a shor t  
time d i d  no t  a l low f o r  the development o f  a s i g n i f i c a n t  thickness o f  oxide on 
the i n l e t  surface ( r e l a t i v e  t o  membrane thickness o f  about 0.8 mn) , and the 
e f f e c t  o f  longer t e s t  durat ion was evaluated. i n  several tests ,  some o f  which 
are  indicated be1 ow: 
Test 
Specimen Test Thick- Cumul a t i  ve 
Design 2 ness, Test Time, Perneabi 1 i t3, A1 1 oy (Fig. 10) mn Sequence h E-06 u n i t s  
IN 800 (b) 78.5 5.9 1-16 81.8 80 t o  40 
( t e s t  68) 1 7 - ~ 7 ~  51.1 40 t o  3 
IN 800 d) 4.4 0.76 1-5 28.5 10 t o  7 
( t e s t  75) 6- lob 26.7 7 t o  <1 
19-9DL ( d l  17.6 0.76 1-5b 46 .O i4G t o  24 
(2.5Ni ,l .OAl) 
( t e s t  111) 
b~pecimen e x i t  surface ox id ized between sequences. A1 1 t e s t s  conducted a t  
815°C i n  1% C02-doped Hz. 
A l l oy  I N  800 permeabi l i ty r e s u l t s  f o r  133 h using th i ck ,  monol i th ic  
:>ecimens ( t e s t  58) are p l o t t e d  i n  Fig. 29. Out o f  a t o t a l  of 27 sequences 
(average 5 h) evaluated, t yp i ca l  values o f  8 sequences were p l o t t e d  and an 
estimated curve was drawn through these data points.  During the f i r s t  16 
sequecces, the e x i t  surface was no t  ox id ized and only  a fac to r  o f  2 decrease 
i n  penneabil i  t y  occurred so le l y  due t o  entrance s ide oxide bui ldup from 
doping. However, beyond about 80 t o  90 h, a combination o f  en t ry  s ide oxide 
bui ldup w i t h  external oxide formation reduced permeabi l i ty by an order o f  
magnitude. 
Al loy I N  800 permeabil ity data f o r  55 h using a single-cavity t h i n  speci- 
men ( t e s t  75) are p lo t ted i n  Fig. 30.. The trend shows that  a very large drop 
i n  permeabil i t y  occllrred w i th  time. 
One standard and two eodi f ied 19-9DL a1 1 oy coupons were tested i n  several 
sequences f o r  as long as 60 h, and these data are given i n  Table 23. Test 111 
data p lo t ted  i n  Fig. 31 show a sharp decrease i n  permeabi 1 i t y  w i  t h  time i n  1% 
Cop-doped He wi th  e x i t  surface oxidation. 
The resu l ts  indicate tha t  doped hydrogen w i l l  slowly b u i l d  up an in terna l  
oxide layer which w i l l  decrease penneabil i t y .  However, i t  takes anywhere from 
70 t o  80 h t o  b u i l d  up enough oxide thickness ( the thickness i s  also re l a t i ve  
t o  the wall thickness) which may a1 so be a function o f  a1 loy  chemistry, tem- 
perature, and related parmeters. However, i f  su f f i c i en t  time i s  allowed, 
both internal  oxide due t o  doping and external oxidation can e f fec t i ve ly  re- 
duce peneabi l  i t y  coef f ic f  ent t o  a leve l  below 1.0 E-06 an3 cm-' s-' t 4 ~ a - l ~ ~  
a t  815OC--the desired goal f o r  adequate retention o f  hydrogen f o r  a 6-month 
r e f i l l i n g  in terva l  f n  an operating automobile. 
TABLE 1, MAJOR FEATURES OF V A R I O U S  TASKS 
Task I 
N-155 ( A )  
IN 800 (B )  
19-9DL (C) 
A-286 (D )  
CHM-60 (J)  
6BLC ( K )  
SA-F11 ( P )  
XF-818 (0) 
W 
o Pure H2 
Sol id ,  t h i c k  
Task V I I  Task V I I I  
A1 l o y  (Code) 
N-155 ( A )  
2 l ~ ~ ~ ~ ~ ' l / P A l  (CA) 
+ 2 1/2Ni , 0.1 MM* (CF)  
+ 2 1/2Ni, 0.3 MM* (CG) 
*MM = Misch Metal L 
Envi ronment 
Doped, 1% C02 Doped, 1% C02 
Doped, 1% CO 
Pure H2 Pure H2 
Specimen Gesl gn 
Sol id ,  t h i c k  
Sol id ,  t h i n  
With holes (1, 4, 7) 4 holes 
Task I X  Task X 
Lon g-Pan ge 
ordered a1 loys,  
Ni3A1 and 
(Fe ,Ni ) 3 ( V  ,A1 
CRIJ? 60 (JA) 
- 1  (PA) 
XF-818 ( Q A )  
HS-31 ( R A )  
Doped, 1% C02 
Pure H2 Pure H2 
Sol id,  t h i n  
4 holes 
Exi t -Surface Oxidat 1 on 
None Yes, on some A l l  t e s t s  A l l  t e s t s  None 
tes ts .  
Time, h 
TABLE 2. MATERIALS AND CODES 
Iron-Base A1 1 oys 
Wrouoht A1 1 ovs 
Code 
-
A1 1 oy 
Task I 
Cast n l l o y s  
Code 
-- 
A1 1 oy 
Modi f i  ed Iron-Base A1 1 oys 
Task I X  
Wrought 19-9DL Cast Al loys 
Code 
-
Modif icat ions Code 
-
A1 1 oy 
C A 2.5Ni + 0.5A1 J A CHM-6D 
C B  2.5Ni + 1.OA1 PA SA-F11 
+ CD 2.5Ni + 2.ONb G A XF-818 
CE 5.ONi + 5.ONb 
CF 2.5Ni + 0.1 Misch metal 
CG 2.5Ni + 0.3 Misch metal 
Cobal t-Base A1 1 oys 
Code A1 1 ov 
Lono-Ranqe Ordered A1 1 ovs 
Code 
-
A1 1 oy 
I C Ni 3 A l  , No. IC-50-B 
L R ~  (Fe ,Ni )3 (V ,Al ) ,No.LRO-55-F  
Element 
- - - - - - - 
C 
Si 
Mn 
P 
S 
Fe 
Ni 
C r 
Mo 
W 
Nb + Ta 
T i  
Co 
Other 
Stel  1 i t e  68 
0.41 
0.36 
1.04 
0.031 
0.008 
2.05 
2.08 
29.21 
0.90 
3.84 
- 
- 
59.80 
- 
Heat treatment: Plates heated to  the following temperatures i n  argon and a i r  
cool ed : 
N-155 - 1182°C (2160°F) Incoloy 800 - 1121°C (2050°F) 
A-286 - 982°C (1800°F) 13-9DL - 977°C (1790°F) 
a~omposi t i o n  i n  weight percent. 
beast a1 1 oys. 
TABLE 4. MODIFIED 19-9DL ALLOYS 
A1 1 oy 
I d e n t i f i c a t i o n  
Code Modi f i c a t i o n s  
Unmodi f i eda 
2.5Ni + 0.5Al 
2.5Ni + 1.OAl 
5.ONi + 1.OA1 
2.5Ni + 2.ONb 
5.ONi + 5.ONb 
2.5Ni + 0.1 Misch metal 
2.5Ni + 0.3 Misch metal 
a~nmodi f i e d  19-90L was a1 so tested. Modi f ica -  
t ions  are i n  add i t ion  t o  the fo l lowing 
standard composition. 
C 0.30, Mn 1.10, S i  0.60, C r  19, N i  9.0, 
Mo 1.25, W 1.20, Nb 0.40, Ti  0.30, 
Fe - balance. 
b ~ l l o y  avai lable bu t  not  tested. 
TABLE 5. NOMINAL CHEMICAL ANALYSIS OF HS-31a 
E l  ement 
Composition, 
w t %  
a ~ t a n d a r d  a1 1 oy analysi s. 
b~aximum. 
TABLE 6. DATA 04 MATERIALS, TEMPERATURE, AND OTHER PERt~IEABILITY TEST IJARANETERS 
FOR 14-155, I N  800,19-9DL, AND A-256 ALL7YS (TASK V I I )  
Area, 
Th?ck- C~mulative 
Test Sample Specimeg 2 ness , Temp. Test C Time, 
- 
No .a No. -- mn Design mn "C Sequence -- - h 
Alloy N-155 
56 ~ 4 0 0 ~  ( b )  78.5 6.1 650 4 20.4 
705 3 15.4 
760 2 lC.l 
81 5 1 5.1 
81 5 5 24.9 
TABLE 6 (cont .) 
Thick- Cumula t ive  
Test Sample Specimen Area, * 2 ness, ~ m p . ,  Test Time, 
- 
No .' NO- - ~ e s i ~ r # '  rm! IUIJ -- "C Sequence h 
TABLE 6 icont.) 
Area, Thick- Test Sample Ssecimen 2 ness, Temp., No. 
- 
No .a ~ e s i ~ n b  - n m " C 
Test 
*ence 
C 
- -- 
Cunulative 
Tiae, 
h 
--
TABLE 6 ( c ~ n t . )  
C m u l a t i v e  
Time, 
h 
Area, Thick- 
3 ness , Test  Samp:e 
No. 
-
 NO.^ 
Specimen 
~ e s  i gnb 
Temp ., Test 
'C Sequence 
( e  l 
7 hole 
( e l  
4 hole 
(e! 
7 hole 
TABLE 6 (concl;) 
Thick- r .-, 7 . + .  - d  - d . C , l V i i  
~ r e a ,  T Test - C) ness , a e r c p . ,  T i re ,  T e s t  Saxpl e Speci~e 
KO -a Designg m L No. - 
.- -- 
... '. - - - - - . - - 
 ~ - .  -- - - - - a . - 
82 0501 (4 17.6 .84 705 4: 21 . I  
4 hole 7 6C 
%e 
15.7 
81 5 10.4 
8? 3 I 5 . 4  
' ~ g r  a l loy  codes see  able 2. 
b~et.  Fin. 10 f o r  ident i f icat ian of (b! ,  (c ) ,  (d )  , and ( e !  . 
'Tests started with sequence 1 . 
d* cxcept f o r  tests 67, 66, and 73, a1 1 tests were conducted ui t h  S2 + 1 "!IOZ. 
Tests 67 and 66 were done with Y2 + 12 CO and test  73 i n  pure H7. 
- 
'oxidation o f  e x i t  side between test  sequerices i n  each test;  sequence 1 d i d  not 
have the e x i t  side cxi j ize2.  
TABLE 7. DATA ON MATERIALS, TEMPERATURE, AND OTHER PERMEABILITY 
TEST PARAMETERS FOR 19-901 MODIFIED ALLOYS (TASK V I I I )  
Cumulative 
lice, 
h 
Thickness, a 
mn 
Test 
No. 
-
Safnpl e 
No. 
Temp., 
" C 
Test 
Sequence 
TABLE 7 (cont . ) 
- 
Cumulative 
Test Sample Thicknzss, a Temp.. Test Time, 
No. -- No. mm " C Sequence h --- 
a Cumulative Test Samp 1 e Thickness , Temp. , Test Time, 
No. 
- 
No. mn C Sequence h 
i l l  ~ 0 5 0 0 ~  0.76 81 5 
a~our-hole specimens were used in a l l  these tests with an area of 
17.6 mn2, Fiq. lO(e). Exit surfaces were oxidized after test sequence 1. 
b ~ h e  nvironment was 2; + 1 %  COZ. For alloy sample code see Table 2 .  
 he environment was pure :A2. 
TABLE 8. DATA ON MATERIALS, TEMPERATURE, AND OTHER PERMEABILITY TEST 
.PARAMETERS FOR XF-818, HS-31, SA-F11, AND CRM-6D ALLOYS (TRSK IX )  
Test 
No. 
- 
Sample 
No. 
Thickness ,a 
1Am 
Test 
Sequence 
1 
2 
3 
4 
5 
1 
Q 
L 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
Cumul a t  i ve 
Time, h 
5 .a 
10.0 
15.0 
20.5 
25.5 
5.0 
10.3 
15.3 
20.3 
25.3 
5 .O 
10 .o 
15.1 
20.0 
25 .O 
5.0 
9.3 
14.8 
20.0 
24.8 
5.0 
10.2 
15.4 
20.4 
5 .O 
10.1 
15.3 
20.4 
5.1 
10.2 
15.2 
20.2 
5.2 
10.3 
15.8 
21.3 
'FO r -hole specimens were used i n  a l l  these tes ts  w i th  an area o f  17.6 Y m (Ffg. 10e). 
b ~ h e  env i romei l t  was H2 + i% to2. For a l l o y  sample code, see Table 2. 
C ~ h e  nvironment was H2. ~ 1 1  ex1 t surfaces were oxidized a f t e r  
sequence 1. 
TABLE 9. DATA OW MATERIALS. TEMPERATURE, AND OTHER PERMEABILITY 
TEST PARAMETERS OF TUO LONG-RANGE ORDERED ALLOYS (TASK X )  
Test Sample Thickness, Temp., 
- 
No. No. Design 
- 
mn O C  
Test 
Sequence 
Cumulative 
Time, h 
a l l o y  code, see Table 2. A l l  t es ts  conducted i n  pure H2 without  ex i t - s ide  
oxidat ion between tests. 
b ~ o l i d  f l a t  specimen, see Fig. 10(c). 
C ~ o t  analyzed due t o  high seal leak rate. 
TABLE 10. PURE HYDROGEN PERMEABILITY I N  S I X  MODIFIED 19-9DL ALLOYS (Task V I I I )  
19-9DL A1 l o y  
Modif icat ion, % 
2.5Ni + 0.5A1 
2.5Ni + 1.OA1 
2.5Ni + 2.0Nb 
5.ONi + 5.ONb 
2.5Ni + 0 . 1 ~ ~ ~  
2.5Ni + 0 . 3 ~ ~ "  
- - - - - - - - - - --- 
Permeabi l i ty Coef i c i e n t  ( 4 )  a t  i f f e r  Temperatures, f cm (STP) cm'l s -! 'Mpa-?y$ 
r s 1 8 T 7 X i " C  ( 1 0 0  
Note: A l l  Task V I I I  and I X  t e s t s  were i n i t i a t e d  a t  870°C w i t h  the specimen 
e x i t  surface i n  the as-machi ned condit ion. A t  a1 1 subsequent lower temperature 
1 eve1 s, the e x i t  surface o f  the  specimen was oxid ized having been l e f t  open 
w i th  access t o  a i r  a t  the t e s t  temperature for 16 t o  18 h before the next t es t .  
= M i  sch metal. 
TABLE 11. PURE HYDROGEN PERMEABILITY RANKING 
OF S I X  MODIFIED 19-9DL ALLGYS (TASK V I I I )  
o f  A1 1 oys a t  D i f f e r e n t  Test Temperatures 
Rank (1133 K )  815°C Tm88 K 1  8 7 m  (1143 K l  
- -- 
Least 2.5Ni, 0.5A1 2.5Ni , 2.ONb 2.5Ni , 0 . 3 ~ ~ ~  2.5Ni, 0.5A1 
2.5Ni, 2.ONb 2.5Ni, 0.5A1 2.5Ni, 0.5A1 2.5Ni, 0.3MM 
I 2.5Ni, 0.3MM 2.5Ni, 0.3MM 2.5Ni, O.1MM 2.5Ni, O.1MM 2,5Ni, 0.1W 2.5Ni, O.1M 2.5Ni, 1.OA1 5.ONi, 5.ONb 
5.ONi, 5.ONb 2.5Ni, 1.OA1 2.5Ni, 2.ONb 2.5Ni, 1.OA1 
Highest 2,5Ni, 1.OA1 5.ONi, 5.ONb 5.ONi, 5.ONb 2.5Ni, 2.ONb 
= Misch metal. 
TABLE 12. PURE HYDROGEN PERMEABILITY IN XF-818,CRM-6D, 
SA-F11, AND HS-31 ALLOYS (TASK 1x1 
Permeabi l i ty Coef f i c ien t  ( 4 )  a t  D i f f e r e n t  Temperatures, 
cm3 (STP) cm-l s-1 MP~-1'2 
A1 1 oy 
-
705OC (978 K )  760°C (1033 K) 815°C (1088 K )  870°C (1143 K )  
TABLE 13. PURE HYDROGEN PERMEABILITY IN TWO LONG-RANGE ORDERED ALLOYS 
(TASK X )  
Permeabi 1 i t y  Coef f i c ien t  ( 9 )  a t  D i f f e r e n t  Temperatures, 
cmz ( STPI cm-1 s-1 MP~-1'2 
870°C (1143 K )  815°C (1088 K )  760°C (1033 K)  - 705"; (978 K )  
Sequence 1 Sequence 3 Sequence 6 Sequence 7 
A1 l o y  iFe,Ni)?(V,Al j 
Sequence 1 Sequence 2 Sequence 3 Sequence 4 
ues i n  parentheses i ndicate cumulative test.i ng hours on specimens. 
Specimen e x i t  surfaces were no t  o x i d l  zed between d i f f e r e n t  sequences. 
TABLE 14. HYDROGEN PERMEABILITY I N  N-155, IN  800, 19-9DL, AND A-286 ALLOYS 
(TASK ~ 1 1 ) ~  
- 
Hz Permeab i l i t y  a t  D i f f e r e n t  T s t  Temperatures, 
E-06 u n i t s  6 
l O S * C  /6OWC 81 br- 
(978 K) (1033 K) (1088 K) (1143 K) 
1% COP-Doped Hydrogen 
23.4 (31d 10.3 ( 2 )  2.91 ( 1 )  
48.1 ( 5 )  
47.3 (3 )  43.8 ( 2 )  64.4 (1)  35.1 ( 9 )  
45.2 (5) 35.8 ( 6 )  36.7 (7 )  
78.4 ( 1 )  
19.2 ( 1 )  25.6 ( 2 )  42.0 ( 3 )  41.1 (7 !  
<1.1 (4 )  (1.1 ( 3 )  (1.1 (2)  3 2 (1 )  
a.1 ( 5 )  
12.8 ( 4 )  23.1 ( 3 )  35.8 ( 2 )  89.8 (1) 
46.2 ( 5 )  
27.1 ( 1 )  35.3 ( 2 )  44.5 ( 3 )  39.1 ( 4 )  
127 ( 1  
42.4 ( 4 )  35.3 ( 5 )  85.1 ( 2 )  102 (1 )  
94.1 ( 5 )  
0.98 ( 1 9 ) ~  
73.6 ( 9 )  
22.6 (21e 
28.1 ( 1 )  
1.58 ( 1 0 ) ~  
94.1 ( 2 )  
7.0 ( 9 I e  
48.3 ( 3 )  
103 ( 3 I e  
589 (8  
(1.1 (7-10Ie 
113 ( 1 )  
32.4 ( 1 )  
29.6 ( 4 )  13.5 ( 3 )  38.0 (2)  80.3 ( 1 )  
2.3 (4)  13.3 ( 3 )  44.5 ( 2 )  99.2 (1)  
13.1 (5)  8.55 ( 3 )  33.2 ( 2 )  124 ( 1  
z.94 ( 4 )  
13.5 (4 )  29.7 (3 )  43.5 (2 )  160 ( 1 )  
T e s t  
No. 
- 
TABLE 14 (cont.) 
Hz Permeabi l i ty a t  D i f f e r e n t  T s t  Temperatures, 
E-06 u n i t s  g 
Test I U ~  -C rbu'c 81t1-C 
No. 
- 
A1 1 oy (978 K) (1033 K) (1088 K) (1143 K) 
1% CO-Doped Hydrogen 
Pure Hydrogen 
a ~ o r  t e s t  parameter deta i  1 s see Tab1 e 6. 
bun i t  = cm3 c K 1  s-I ~ ~ a - l / ~ .  
=TWO tes ts  were made w i t h  N-155 only a t  650°C w i t h  the fo i  lowing resu l ts :  
Test 56: = 1.90 E-05 u n i t s  
Test 59: = 4.68 E-05 u n i t s  
2.24 E-05 u n i t s  
d~umbers i n  parentheses ind ica te  t e s t  sequence, s t a r t i n g  w i  t h  sequence 1. 
e ~ e e  Table 15 f o r  actual values f o r  each sequence. 
TABLE 15. HYDROGEN PERMEABILITY FOR Ji{ 800 EXPOSED FOR LONG DU2PYIONS 
- 
Test  Temp., 
No. 
-
"C ( ~ 1  hp Permeabi l i ty  a t  D i f f e r e n t  sequencesa ( i n  E-06 uni  t s l b  
Pure H y d r ~ g e n  
a~equence numbers a r e  given i n  parentheses below the  permeabi l i ty  values. 
b u n i t  = cm3 cm-I sml ~ p a ' l / ~ .  
C ~ x i t  surface oxid ized s t a r t i n g  from t h i s  sequence. 
?ABLE 16. A COMPARISCN OF PERUEABILITY OF NPED VS. PURE t i 2  
I N  N-155, I N  800, 19-9CL, AND A-286 AiLOYS 
- - - - - - - - - - - -- -- - -  - - - - - - - -- 
Hz Permeab! 1 i t y  Coeff ic ient  
( i n  E-06 un i t s I a  
A1 1 oy Environment 705'C K; 81- 
Doped 
Pure 
19-9DL Doped 
Pure 
I N  800 Doped 
Pure 
A-286 Doped 
Pure 
",,it = cra3 CR-! 5-1 nP6-1/3 
TAaLE 17. DCIPED HYDROGEN PERMEABILITY I N  S I X  MODIFIED 19-9DL ALLOYS (TASK V I  I I )  
19-9DL Alloy 
Modfffcatfon, X 
Pemeabil f ty  Coeff ic ient  ($1 a t  D i  f f e r e i ~ t  Temperatures, 
cm3 (STPI cm-l s- I  M P ~ ' ~ / ~  
K l  -U 33 K J  1115 L K 1 810°C (mj K )  .. F 
-
- -  - 
a ~ e a l  probl em. 
~MJI = ~ i s c '  metal 
TABLE 18. HYDROGE2 PERMEABILITY RANKING OF S I X  MODIFIED 
19-9DL ALLOYS IN DOPED ti2 (TASK V I I  I )
Permeabi 1 i ty Ran s a t  D i t fe rent  T e s t  Te 
Rank 815- K )  8 / 
Least 2.5Ni, I.OAl 5.GNi, 5.ONb 5.ONi, 5.ONb 2.5Hi, O.SAl 
2.5Ni.  2.0Nb 2.5Ni, 2 .ONb 2.5Ni, 1.OAl 2.5Ni, 1.OA1 
5.rdi, 5.3Nb 2.5Ni, 1.9A1 2.5Ni, 2.ONb 2.5Ni, 2.ONb 
2.5iui, ~..5A1 2.5Ni, 0.5A1 2.5Ni, 0 . 3 ~ ~ ~  2.5Ni, O.1MM 
2.5Ni , 9.1MM 2.5Ni, 0.3MM 2.5Ni, 0.5A1 Z.SNi, 0.3MM 
Highest 2 .SNi , 0.3MM 2.5Ni,  0 . l m  2.5Ni, O.lW 5.ONi, 5.0lib 
% = M i  ~ i h  metal . 
TABLE 13. HYDROGEN PERMEABILITY I N  ALLOYS XF-818, HS-31, SA-F11, 
AND CM-6D I N  PURE AND 1% C02-DOPED HYDR3GEN (TASK I X )  
Sequence 
1 
Test 
Teep . , 
"C (K) 
Ertvi ron- 
ment 
Doped 
Pure 
Doped 
Pure 
Doped 
Pure 
Doped 
a ~ e s t  n~qbers are given i n  parentheses. 
50 
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TABLE 20. REGRESSION ANALYSIS OF PERUEABILITY 
COEFFICIENT FOR .FOUR ALLOYS (TASK I X  ) 
Regression Analysis Data 
Corr . 
Y -Intercept 
Envi a- (1, ro) Q, C ~ f f .  A l lov me8 O/R kJ /m le  R2 
- - - -  - - 
XF-1318 Doped 
Piire 
HS-31 h W d  
Pure 
SC.-F11 Dcwd 
Pure 
CWI-6D Doped 
Pure 
TMLE 21. EFFECT OF EXIT SURFACE OSIDATIOX ON FERMEAGILITY 
FOR I N  800 AT 815°C (TASK Y I I )  
Test Specfrer! Environ- 
No. Design ment 
- P 
71 ~ h l c k  ,' Wped HB 
soi l d 
72 Thin, Doped H, C 
sol i d  
73 Thin, Pure ii2 
sol i d  
Permeability Coeff ic ient  a f t e r  Given Time, 
-6 3 10 cs CRI-I s-I  I4pa-l" 
Betore E x i t  Af ter  t x i t  
Surface Oxidation Surface oxidationa 
3 h  15 h 25 
- -- - - - -- 
a ~ n c l  uding ti= before e x i t  surface oxidatfon. 
'T~ICII = 5.96 m; t h i s  = 2.62 m. 
TABLE 22. EFFECT OF SPECIMEN DESIGN ON HYDROGEN PERMEABILITY 
Speciaen Test Test Test 
besi gn 4ma, Thicuriss, Tcap., Test Permeabi 1 i t 
P!loy (Fig. 10: m? 
- 
an "C 4 Sequence E-06 units 
'specimen e x i t  surface oxidized between sequences. 
C ~ o t j l  hydrogen volme was tco l o w  fax- accurate detecrion. 
IPBLE 23. HYDROGEN PSWEASILIT'I I N  19-9i)L ALLOY5 EXPGSED FOR LOKG DU?J\TIONS 
Test Teap.. $ ?en+abil i ty  a t  D i  ffcre t sequences ,a 
No. C (K)  
- 
A1 1 oy E-06 units I: 
103 815 Std. 19-9DL 1.47 3.64 4.02 2.43 2.65 1.58 
( 1143) (3; (4 )  ( 5 )  ( 5 )  (7)  (8) 
aSeqx?nce rrnbers are given i n  parel.theses bei* tne peneatri? iZy salues. 
>llni i J --I s-l 1~p~-112. 
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0 0.95 6-10 0.15 0.20 0.25 0.30 
Hydrogen Volume, m l  (STP) 
P i q u e  3 -  Calibration curve for hydrogen collection 
v e s s e i / 2 h e d s t o r  gauge sy s t em.  
Gas Permeat ion C 
W ,  Leak Trace 
Time, arbitrary units 
Pigrue 1 4 .  S ~ h c ~ n a  z i c  r e w r e s e n t a t i  on of n i t r o g e n  1 oak 
and peypeatim tr3ces :f chart r e m r d e r .  Pram the 
Eifference (A), the n e t  permeation was e s t i m a t e d .  

Temperature, O C  
Figure 16. E f f e c t  of temperature an hydrogen permeab i l i t y  i n  six modi f i ed  
19-9DL a l loys  in pure and 1% C02-doped hydrogen ( ~ s s k  ~1x1)- 
81 5 ri* 760 705 . 1 I I D o ~ d  Pure E-04 
E-04 
E-05 
E-05 
E-06 
A Average value for all 
6 alloy modifications - 
CD 
' 
i t  t C E - CF 
- - 
C F CB 
C G 
CE 
- Alloy C d e  CE i' 
CA 2.5NI + 0.5A1 
t 
- C9 2.SYi + 1.OA1 
€4- 
CD 2.5Ni + 2.ONb 
CE 5.ONi + 5.ONb 
CF 2.5Ni + 0.1 misch metal 
CG 2.5Ni + 0.3 misch mtal  
tm 
1 
0.90 0.95 1 .OO 
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Temperature, O C  
F i g u r e  17. Effect of temperature on h y d r o g e n  permeability i r r  m o d i f i e d  
19-9DL a l l o y s ,  i n  pure H and i n  H w i t h  1% C02. 2 2 
ORlGlNAL $>,-.: ;'> 
OF POOR QUkiirY 
Temperature, O C  
Slope = -13.2 
Q = 110 kJ/mole 
Figure 18. Effect of temperature on hydrogen permeability 
in modified 19-9DL (5% Ni, 5% Nb) in pure H2 enviranment 
(test 97). 
Temperature, OC ORIMNAL PAGE 'IS 
Figure 19. Effect of temperature on permeability in high-temperature 
alloys in pure H environment (Task IX). 2 
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Figure 20.  Effect of temperature on yield strenpth of long-range 
ordered a1 logs . Tc = sri tical ordering temperature. 
Temperature, O C  
Figure 21. Effect of temperature on permeability in long-range ordered alloys, 
Ni 1 and (Fe,Ni) ( V , A l )  in pure H2 (Task X). P 3 
74 
Temperature, O C  
Figure 22. Effect of temperature on permeability in commercial N-155, 19-9DL 
IN 800, and A-286 in pure (Task I) and 1% COZ-doped H (Task VII). 2 
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Temperature, O C  
Figure 23. Effect of temperature on Hz permeability in high-temperature 
alloys in i% C02-doped Hz (Task IX) . 
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-Ex i t  surface oxidized 
E-04 - 
ORIGINPL ~;';-t 
QF Q L . A L I ~  
E-05 - 
(1 )  
( ) Test sequence 
Range sf values 
of d i f f e r e n t  series 
within a sequence 
0 i 0 2 0 40 50 70 
Tine,  h 
Figure 2 4 .  Ef , . o f  e x i t  s u r f a c e  o x i d a t i o n  047 H per-eabi . ' i ty  i n  IN EOO 2 
at 81S'.C, 5-96  m t z c k  specimen, 1% Cop + H2 (test 7 1 ) .  
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Time, h 
E-05 
E-05 
E-05 
E-06 
E-0 
E-06- 
? 
Figure 2 5 .  Effect o f  exit surface o x i d a t i o n  on H 2 p e r m e a b i l ! t y  i n  IN 800 
at 8 1 5 ' ~ ,  2.65 rrnri t i l i c k  s p e c i m n ,  I t  COi + H2 ( test  72). 
- ( 2 )  14) (s! 1 1  1 
1- 
( 1  1 
- 
' 
( ) Test sequence 
6" I Range o f  values of d i f f e r e n t  series within a  sequence 
I I 
- - C E x i t s u r f a c e o x i d i r e d  1 
I I I b 
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L 
-+Exit surface oxidized 
( 5 )  
E-05 ' 
E-05 ' 
E-06 ( ) Test sequence 
I Range of values of  d i f ferent  series withip a sequence 
E-06 
E-06 I I I I 1 
0 10 2 0 3 0 40 5 0 60 
Time, h 
Figure 2 6 .  Effect of t i m e  o;, H2 p e r m a b i l i t y  i n  IN 800 at 81s0c, 2.65 m 
thick specimen, pure H2 (test 7 3 )  . 
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Figure 29. Effect of time on H2 p r m e a b i l i  t y  in IN 800 a t  81 S'C, 
5.9 nm thic .k  specimen, 1 % C02-dope? H 2  (test 6 8 )  . 
Time, h 
Figure 30.  E f f e c t  oi time on H2 p r m e a b i l i  t y  in IN 800 a t  81 5 " ~ .  0.89 m 
t h i c k  specimen, 1% C02-doped H2 ( t e s t  7 5 ) .  
Time, h 
Figure  31 .  E f f e c t  o f  t i m e  on Ei2 p e r m e a b i l i t y  i n  m o d i f i e d  19-9DL. (1% N i  + 1% A l l ,  
8 1 5 ' ~ .  0.76 rn thick spec imen ,  1 % C02-doped HI ( t e s t  1 1 1 ) .  
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